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Ccm systemrequires a deceptively simple post-translational modiﬁcation, the formation of
two thioether bonds (or rarely one) between the thiol groups of two cysteine residues found in a CXXCH
motif (with some occasional variations) and the vinyl groups of heme. There are three partially characterised
systems for facilitating this post-translational modiﬁcation; within these systems there is also variation. In
addition, there are clear indications for two other distinct systems. Here some of the current issues in
understanding the systems are analysed.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Electron transfer processes in almost all respiratory and photo-
synthetic systems rely upon c-type cytochromes which are distin-
guished from other types (e.g. a and b) by the covalent attachment of
the heme to the polypeptide via thioether bonds. The standard pattern
is that a heme is attached by two such bonds to the thiol groups of
cysteine residues that occur in a CXXCH motif. However, there are
variations; in trypanosomes and related organisms the attachment is
via one covalent bond (AXXCH or FXXCH motif) whilst in various
species of bacteria there is evidence for attachment to CXXXCH,
CXXXXCH, CX15CH and CXXCK [1–3]. There is also what might be
termed a pseudo c-type cytochrome centre in the cytochrome bf
complex of thylakoids where a fourth heme has recently been
discovered to be attached to the cytochrome b polypeptide via a
novel single thioether bond [4,5]. In some bacteria genome searching
using the CXXCHmotif suggests the presence of as many as 100 c-type
cytochromes, many of which have more than one heme per
polypeptide chain. The formation of a c-type cytochrome involves
the addition of a thiol group to a vinyl group of heme. This is not a
particularly facile chemical reaction and usual in vivo formation of the
thioether bonds needs catalysis. Here we discuss the variety of
systems that have been identiﬁed as being involved in cytochrome c
biogenesis and discuss some of the current problems in understanding
how the process works.Ferguson).
ll rights reserved.1.1. In vitro thioether bond formation
A thiol group can add relatively rapidly across a carbon–carbon
double bond if that bond is activated, as is the case for example with
the modiﬁcation reagent N-ethylmaleimide. The vinyl groups of heme
are not regarded as being activated in this way by neighbouring
electron withdrawing groups and so a question worth asking is
whether the thioether bonds between heme and polypeptide do form
as a result of direct addition of a thiol group to the vinyl. At present
there is no evidence against this mechanism and there are indications
that it could be the mechanism of bond formation in vivo. The
evidence for this statement includes the fact that in some circum-
stances a c-type cytochrome can be made in vitro by reaction of the
apoprotein (obtained by removing the heme in vitro from a
cytochrome) with ferrous (not ferric) heme [6]. Reducing conditions
are needed to prevent a disulﬁde forming within the CXXCH motif.
Although thiol compounds have usually been employed, thus raising
the slight possibility that the thiols of the cysteines might form a
mixed disulﬁde with the thiol compound so that S–S bond breakage
might provide a driving force for thioether bond formation, it has also
proved possible to form the cytochrome using a Zn porphyrin and a
phosphine reductant [7]. As this process occurred at a similar rate to
the reaction when Fe-porphyrin and a thiol reductant were used it is
reasonable to conclude that there is no evidence from this type of
experiment that a breakage of a disulﬁde bond is linked to thioether
bond formation. These experiments were done with mono heme
c-type cytochromes which can adopt a folded state when the apo
formbinds non-covalently to heme. Thus it is likely that the heme vinyl
and cysteine thiol groups areheld in close proximity, a factorwhich can
be expected to cause substantial rate acceleration. However, the
thioether bonds form over the timescale of many hours in vitro and so
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of c-type cytochrome formation remains to be established. A thioether
bond can also be formed in the heme pocket of a variant ascorbate
peroxidase [8]. In this protein a serine adjacent to the heme has been
changed to either methionine or cysteine. When methionine is
present, oxidative conditions promote a covalent bond between the
sulphur of methionine and the vinyl group. However, the cysteine will
attach to the heme only under reductive conditions. Thus even in an
environmentwhere covalent bond formationbetween a side chain and
heme is known to occur under oxidising conditions, the reaction failed
when the side chain was that of cysteine.
1.2. In vivo thioether bond formation; mitochondrial heme lyase
(System III)
There are several systems known that catalyse the formation of
c-type cytochromes in vivo. Seemingly the simplest of these is the
so called heme lyase (also known as System III) that is found in
mitochondria of a wide range of, but by no means all, eukaryotes
[2,9,43]. This is a single subunit protein that is located in the
intermembrane space of mitochondria. Little is known as to how it
catalyses cytochrome c formation. In most species that have heme
lyase there are separate heme lyases for heme attachment to
cytochrome c and cytochrome c1 but as these two proteins are similar
in some respects, comparison of the two heme lyases provides little
clue as to speciﬁcity. Thus it is not surprising as the two heme lyases
seem to someextent to be active towards both cytochromes [10]. Heme
lyase is active when expressed in the Escherichia coli cytoplasm [11]. In
this environment one can expect the two thiols of the CXXCH motif to
be maintained in a reduced state but an important question is how
such an oxidation state is maintained in the intermembrane space.
There is now evidence that this compartment is a relatively oxidising
environment and disulﬁde bonds can form [12]. This suggests that a
reductive system of some kind may be needed to work in concert with
the heme lyase. A candidate, a ﬂavoprotein known as Cyc2p [13], has
been described for yeast but strangely the protein is seemingly not
conserved outside the fungi. It is possible that the in vitro formation of
c-type cytochromes discussed above mimics the mechanism used by
heme lyase. Thus the heme lyase may promote the optimal conforma-
tion of an initial apoprotein-hemenon-covalent complexwithinwhich
a proximity effect is important for optimising the rate of formation of
the covalent bonds. It is notable that heme lyases are responsible for
formation of a speciﬁc cytochrome c in which only one heme is
attached per polypeptide chain. This might allow for a very different
mechanism than in a system that has to attach hemes to multiple
CXXCH motifs in a polypeptide chain, as occurs frequently in bacteria.
1.3. In vivo thioether bond formation; System II
System II is found in many species of bacteria and in the thylakoids
of plants and algae [2,14]. This has to deal with some of the more
complex c-type cytochromes in which there are multiple hemes per
polypeptide chain. There are good reasons to believe that this system
comprises just four proteins. One, often called CcsX, but also ResA, has
a thioredoxin fold and can be deduced, in combination with a
cytoplasmicmembrane protein called CcdA, which transfers reductant
from cytoplasmic thioredoxin, to play a role in reversing disulﬁde
formationwithin the CXXCH motif. Designation of this role is strongly
supported by the fact that the absence through mutation of the
Bdb proteins required for extracellular disulﬁde bond formation in
B. subtilis permits System II to function without CcsX and CcdA [15];
System II in such a background thus has only two components, CcsA
(also known as ResC) and CcsB (also known as ResB or Ccs1), which in
some organisms are fused as a single polypeptide. Exactly what these
do is unclear but a role for CcsA in handling the CXXCH part of the
target apoprotein can be deduced from ﬁndings that three ortholo-gues have been identiﬁed inWolinella succinogenes [1]. One, known as
NrfI, is clearly speciﬁcally required for attachment of heme to a rare
CXXCK motif that occurs in one type of nitrite reductase, whilst the
other, known as CcsA1, has recently been proposed to add heme to an
unusual CX15CH motif in a multiheme cytochrome c known as MccA.
However, what exactly is being recognised remains a mystery. Also a
mystery is how the heme is provided to the site where attachment to
the CXXCH occurs. It is tempting to imagine that the transmembrane
helices of CcsA or CcsB do this but there are no experimental data on
this matter. Indeed it is not clear whether heme moves across
membranes, at least those involved in c-type cytochrome synthesis,
by passive transport or via a transporter. Deﬁnitive identiﬁcation of
any heme transport protein in any cellular function has proved
difﬁcult. There is evidence for a dipeptide transporter in the E. coli
membrane being active towards heme [16], whilst very recently a
heme export protein has been reported for a mammalian cell [17].
Further conﬁrmation of the number of components employed by
System II has come from the transfer of a System II into E. coli that lacked
its endogenous System I (seebelow). Cytochrome c synthesiswas restored
by the transfer of a CcsBA fusion protein [18]. Curiously, this seemed to
function without any need for a thioredoxin type reduction system.
1.4. In vivo thioether bond formation; System I
System I, almost always known as the Ccm system, is the most
complex of the known systems for attaching heme to the CXXCHmotif
and is found in many species of bacteria as well as in plant
mitochondria [2,19,20]. The paradigm Ccm system, if only because of
experimental tractability, is that in E. coli. However, we shall return to
variations later.
The Ccm system (illustrated in Fig. 1) comprises multiple compo-
nents. A central but remarkable component is the CcmE protein. Heme
en route to a c-type cytochrome becomes covalently attached to an
almost (see later) completely conserved histidine side chain by a novel
covalent bond formed between the N of histidine and the β-carbon of
the vinyl group of heme [21]. Replacement of this histidine by alanine
results in loss of both c-type cytochrome production and covalent
attachment of heme to the CcmE protein [22,23]. Covalent attachment
of heme to wild type CcmE has been detected from in vivo studies
[22,24] but the exact chemical nature of the bond has been deduced by
NMR analysis of a peptide isolated from CcmE. This C–N bond, formed
at Nδ1, would need to be broken and a C–S bond formed at the other
carbon of the vinyl group as heme is transferred from CcmE to the
apocytochrome. At ﬁrst sight this does not seem chemically very
attractive and so one must keep in mind the possibility that the heme
has somehow rearranged on isolating the peptide.
As Fig. 1 shows, there is an ABC protein in the System I, with the
two certain subunits being CcmA and CcmB. This class of protein
normally functions as a transporter but in the case of CcmA and CcmB
there is no evidence for this. It has been tempting in the past to
propose a role as a heme transporter but that now seems very
unlikely. It has recently been shown that loss through mutation of
ATPase activity by this protein does not prevent covalent attachment
of heme to CcmE in the periplasm [25,26]. However, despite this
attachment no c-type cytochromes are made in the absence of ATP
hydrolysis. Thus whilst heme transfer from the cytoplasm to
periplasm can be eliminated as a role for CcmA and CcmB, the ATPase
activity of CcmAB is needed for release of heme from CcmE and
transfer to the apocytochrome. Why might the ATP hydrolysis be
needed? Kranz et al. have argued that ATP hydrolysis is needed to
release CcmE, with heme bound, from a complex with CcmC which
has been implicated in the attachment of heme to CcmE [26]. An
alternative to this is that ATP hydrolysis is needed to ensure that an
environment is maintained that prevents the wrong chemical bond
forming between heme and CcmE; in other words the bond formed
between heme and CcmE must be kept activated in some sense to
Fig. 1. The Ccm (System I) system for c-type cytochrome assembly as exempliﬁed by E. coli. Structures or partial structures (see also the text) are taken from PDB entries as follows;
CcmE (1SR3), CcmG-DsbD N-terminus complex (1Z5Y), CcmHN-terminus (2HL7), CcmH C-terminus but using NrfG (see text) (2E2E), DsbD C-terminus (2FWF), DsbA Oxidised (1A2J),
DsbA reduced (1A2L) and TrxA (2H72). Note that not all these structures are of E. coli proteins. The product is cytochrome c550 (155C), a Paracoccus denitriﬁcans protein that is handled
by the E. coli Ccm system. The ﬁgure leaves open the possibility that CcmA/CcmB transports a required molecule (but see text for alternative roles for this protein complex), but this
molecule is not heme whose route across the membrane is unknown. Heme is thought to interact with CcmC on the periplasmic surface. TrxA is thioredoxin. The arrow emerging
from CcmF implies that this protein is envisaged to be directly involved in the attachment of heme to the apo cytochrome.
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the Ccm system to produce large amounts of a soluble and periplasmic
version of CcmE in which the heme is covalently attached. In the
presence of CcmAB lacking ATP hydrolysis activity, this protein is
found in the periplasm exclusively without heme. However, soluble
CcmE could be detected, with heme attached, bound to themembrane
along with the wild type membrane-anchored CcmE. It had been
anticipated that possibly the soluble version of CcmE would have
heme mis-attached and so the ﬁnding of only apoprotein was rather
unexpected. The group of Kranz et al. interpret this result as reﬂecting
a tight complex between wild type CcmE and CcmC with the result
that the soluble version of CcmE is excluded from the heme
attachment site. However, we have detected the heme–CcmE (soluble)
bound to the membrane and so it is unlikely that this is the
explanation. It is also unlikely that a conformational change itself
driven by ATP hydrolysis on CcmA could break the histidine–heme
bond in CcmE. The possibility that CcmAB transports reductant has
been considered but as yet there is no direct evidence for this [25].
It should be noted that when a soluble form of CcmE–heme is
incubated in vitro with an apocytochrome c, heme transfer was
observed [27]. The heme had been attached in vivo, but we have no
evidence that the attachment was exactly as deduced from the NMR
analysis of the peptide. Strikingly, it was also possible to attach heme
to the essential histidine of CcmE under reductive in vitro conditions,
but again the exact nature of the covalent bond formed is not known
[27]. These observations might mean that the CcmE–heme covalent
bond is relatively labile which is difﬁcult to reconcile with the
suggested structure.
The other dedicated proteins of the cytochrome c biogenesis
system in E. coli are CcmF, CcmG and CcmH. CcmF has many predicted
transmembrane helices and although this organisation might suggest
a transport function no such role has been identiﬁed. However, CcmF
is implicated in handling the CXXCH motif if only because there is an
orthologue, NrfE, which is specially required for the attachment of
heme to the CXXCK motif in a type of nitrite reductase known as NrfA
[28]. Furthermore, there is evidence that in Shewanella species the
MccA protein, which is deduced, as in another organism (see above),
to contain a CX15CH motif, has its gene adjacent to ccmF, ccmH and
ccmI orthologues [1]. The picture is emerging that CcmF and CcsA
(System II) play comparable roles in interacting with the CXXCH motifand variations in these proteins provide the speciﬁcity for interacting
with CXXCK or CX15CH. CcmG is essentially a periplasmic thioredoxin
but to what this would donate its reducing power is not entirely clear;
reduction of the unwanted disulﬁde in the apocytochrome c is the
likely ﬁnal target. CcmG itself is generally now accepted to be reduced
by the N-terminal domain of DsbD, a reaction that has been
characterised kinetically in vitro [29] (as shown in Fig. 1 DsbD is a
transmembrane protein which transfers reductant from cytoplasmic
thioredoxin to the periplasm; DsbD is related to CcdA) and most
schemes for System I now show CcmG as the reductant for CcmH.
However, there are data in the literature that contradict this scheme.
For example, the CcmG proteinwas detected in a largely oxidised state
in a CcmH deletion [30], a result that is not straightforward to
interpret on the basis of Fig. 1. On the whole it seems more likely that
CcmH is reduced by CcmG and that CcmH may interact with the
apocytochrome CXXCH motif. A recent structural study of the CcmH
from Pseudomonas aeruginosa has suggested how its CXXC bearing
regionmay interact with a CXXCHmotif [31]. However, it is unlikely to
be the only locus of interaction of a Ccm proteinwith a CXXCHmotif of
an apocytochrome as interaction with CXXCK appears not to need the
speciﬁc orthologue of CcmH (NrfF) [32]. The idea that the CXXC motif
of CcmH is involved in a reductive process is, however, strengthened
by the observation that some small thiol compounds will complement
a deﬁciency in CcmH [33].
In E. coli, CcmH has two separate domains; the N-terminus
contains a periplasmically orientated CXXC motif and the C-terminus
a globular region which can be assumed to adopt a tetratricopeptide
repeat structure. The latter is usually involved in protein–protein
interactions. Inmany other species of bacteria, the C-terminal region is
a separate protein usually called CcmI (but confusingly called CycH in
a previous nomenclature system). E. coli also possesses, (in addition to
NrfE — see above) two other proteins that are required for the
attachment of heme to the CXXCK motif in the NrfA type of nitrite
reductase [28]. These speciﬁc proteins are known as NrfF which is
equivalent to the N-terminal region of E coli CcmH and NrfG which is
equivalent to the C-terminal region of CcmH. Thus, strangely, the NrfF
and NrfG proteins are organised in the same way as the CcmH and
CcmI proteins in alpha proteobacteria.
A recent structure for NrfG [34] has conﬁrmed the prediction that
this protein contains a tetratricopeptide domain; it follows that this
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terminal region of E. coli CcmH. NrfG is essential for the attachment of
heme to the CXXCK motif so some feature of CcmI or the C-terminal
part of E. coli CcmH is implied to show a speciﬁc recognition feature.
An important point is that many lines of evidence indicate that
System I interacts with an unfolded polypeptide chain. Amongst these
are the facts that System I has to add heme to many CXXCH motifs in
the same chain, with two of the CXXCH motifs sometimes being
separated by only a few residues, and also that heme can be attached
to very short peptides [35]. There is no direct evidence that System II
acts on unfolded target apocytochromes but this seems very likely to
be the case as System II can also handle multiheme cytochromes c.
As mentioned above in respect of the organisation of E. coli CcmH,
it is clear that there is signiﬁcant variation in the organisation of the
Ccm system in different organisms. This means that results obtained
from studies in one organism may not always be readily extrapolated
to another. Certainly there are some as yet unexplained results in the
literature concerning CcmI. In both Bradyrhizobium japonicum and
Paracoccus denitriﬁcans loss of CcmI results in loss of all soluble c-type
cytochromes but retention of an attenuated level of synthesis of
membrane-bound cytochromes [36]. In Rhodobacter capsulatus loss of
CcmI correlates with loss of c-type cytochromes but the effect can be
overcome by achieving elevated levels of CcmF, CcmG and CcmH [37].
It has been further suggested that CcmI in R. capsulatus has two
domains, one of which interacts with CcmF and CcmH but the other
with CcmG and CcdA [38]. The CcmI-like domain of E. coli CcmH is also
dispensable for c-type cytochrome biosynthesis [33].
A recent and unexpected development has been the discovery
that the Ccm system in some sulfate reducing bacteria (which are rich
in c-type cytochromes) and some archaea (which strikingly have few
c-type cytochromes) have signiﬁcant differences within their Ccm
systems [39]. The situation is clearest for two sulfate reducing
bacteria; in each case a putative ccm operon can be identiﬁed. There
is no equivalent of CcmH and most strikingly the CcmE has a cysteine
instead of the otherwise conserved histidine that forms a covalent
bond to heme. The implications of this result are far from clear, not
least because the histidine to cysteine substitution in E. coli results in
an inactive protein. As explained above, the nature of the CcmH
protein can be a matter of confusion because in E. coli it includes a C-
terminal domain which in other organisms is the discrete CcmI
protein. As noted earlier, the periplasmic domain of CcmI has a
tetratricopeptide structure. Further analysis of the genomes of the
sulfate reducing bacteria indicates that a plausible additional member
of the ccm operon is a gene encoding a tetratricopeptide repeat; its
location makes it highly likely that it is CcmI. If there is an equivalent
to CcmH in these organisms then it must ‘perversely’ be absent from
the putative operon and missed by bioinformatic screens.
One can identify a putative ccmG gene in the sulfate reducing
bacteria, although it is not contiguous with the other ccm genes and
its assignment cannot be deﬁnite. However, these organisms have
the DsbD system and so it is likely that this candidate CcmG does
receive reductant via this route. It is not yet established that sulfate
reducing bacteria have a disulﬁde bond forming system but a
possible DsbA and DsbB system is evident from some database
searches as is a classic periplasmic disulﬁde bonded protein such as
alkaline phosphatase. These organisms will only grow under very
reducing conditions. Typically laboratory cultures have to be held at
E values of around –100 mV, and it is not clear that disulﬁde bonds in
the periplasm are compatible with such low ambient potentials. If
this is the case then the absence of CcmH can be rationalised on the
basis that its (i.e. the CXXC region) function is to reduce disulﬁdes in
an apocytochrome, a process that is not needed in sulfate reducing
organisms.
The Ccm system is also found in plantmitochondria but again there
are differences from the paradigm E. coli system and indeed from
bacterial systems in general. In brief, CcmA, CcmB, CcmC, CcmF andCcmH (the N-terminal region of the E. coli protein) are present but
CcmF is expressed as two (or three) separate polypeptides [20]. These
genes are shared between the mitochondrial and nuclear genomes.
There is no evidence for CcmD, CcmG and CcmI. Two hybrid analysis
has indicated an interaction between CcmH and an apocytochrome c
[40]. There is no DsbD or CcdA analogue currently identiﬁed for the
inner mitochondrial membrane of plants. Thus a mechanism of
maintaining the two thiols in the CXXCH motif in the intermembrane
space of plants remains obscure although a role for CcmH in this has
been advocated. An interesting point is that there is no evidence that
the ﬁnal step of heme synthesis, iron insertion by ferrochelatase,
occurs in the plant mitochondrial matrix; it is currently envisaged that
heme is supplied through the outer mitochondrial membrane from
the cytoplasm [20]. If this is true it adds to the argument that neither
CcmA, CcmB nor CcmC is involved in heme transport across the
membranes (mitochondrial or bacterial) in which they are embedded.
It also implies that CcmE in plant mitochondria can receive heme
delivered from the outer membrane. It has yet to be demonstrated
whether exogenous heme can attach to bacterial CcmE; evidence to
date suggests that it cannot [41].
1.5. Single thioether bond systems
In a restricted group of organisms mitochondrial c-type cyto-
chromes have only one thioether bond. Such a feature might be
expected to be reﬂected in the biogenesis pathway. Indeed in this
restricted group, which includes only trypanosomes and other
members of the phylum Euglenozoa, there is no identiﬁable biogen-
esis system on the several available genomes [3]. One must conclude
that an as yet unknown system is responsible for making single
cysteine cytochromes c in these organisms. This is rather unexpected
as there is evidence that the mitochondrial heme lyase system will
attach heme, to an AXXCHmotif albeit less efﬁciently than to a CXXCH.
On the other hand there is considerable evidence that the Ccm system
(System I) cannot add heme to a single cysteine cytochrome [42].
Perhaps the most persuasive evidence is that heme is not added to
native trypanosome cytochrome c when it is directed to the E. coli
periplasmwhereas when this protein is converted to possess a CXXCH
motif heme is efﬁciently added to the polypeptide [3]. One is tempted
to conclude that the energetics of cytochrome c assembly by System I
require the formation of two thioether bonds. In this context, the cost
of breaking the heme–histidine bond in CcmE may offer an
explanation as to why a single thioether would not be possible. We
conclude that there might be an advantage, as yet unrecognised, in
having a single cysteine cytochrome in trypanosomes and that System
I could not be responsible for its formation. Why a variant of heme
lyase System III is not used is not fully clear (but see [43]).
An interesting point is whether System II can catalyse addition of
heme to a single cysteine cytochrome. There is one report that in amulti
heme–protein one CXXCH can be converted to AXXCH and yet retains
heme attachment [44]. However, it would be good to see this conclusion
further substantiated. There is no, as far as we know, covalent heme–
protein intermediate for System II and so the energetics argument is not
as critical. Also whereas it seems that System I is very catholic as to its
speciﬁcity, and there is lots of evidence that heme is attached by
recognising CXXCH in an unfolded polypeptide, System II has not yet
been shown to be so versatile.
The cytochrome b polypeptide of the cytochrome bf complex has
two ‘classical’ b-type hemes sandwiched between transmembrane
helices. It also has an extra heme attached by one thioether bond [4, 5]
although there is no histidine residue adjacent to the cysteine as is
there is in trypanosome (and other) c-type cytochromes. Recently,
four genes in Chlamydomonas reinhardtii have been implicated in this
covalent heme attachment to cytochrome bf [45]. This has been
termed System IV. Curiously, the cytochrome b subunit of the
cytochrome bc complex in Bacillus subtilis has an extra covalently
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implicated in Chlamydomonas are not present in B. subtilis. This raises
the possibility that there is a System V in Bacillus species. System VI
would be the as yet unidentiﬁed system for heme attachment to the
mitochondrial cytochromes c in trypanosomes.
1.6. Conclusion
In the 1980s it was assumed that the mitochondrial heme lyase
system probably functioned in bacteria also. As it turned out, no trace
of this system has yet been discerned in the bacterial world by
bioinformatic approaches [43]. The appearance of this system in many
eukaryotes can be rationalised on the basis that these organisms only
attach one heme to one type of cytochrome c whereas most bacterial
species have to cope with adding heme to a wide range of c-type
cytochromes including many that have multiple hemes per polypep-
tide chain. But why a different system has evolved for trypanosomes,
is a mystery.
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